More than two thirds of the US population are considered overweight or obese. Adipocytes are now appreciated as important endocrine organs, secreting various factors with hormonal effects. Several different adipokines have been identified, including adiponectin, which is associated with improved insulin sensitivity, a better lipoprotein profile, and lower rates of vascular inflammation and cardiovascular disease. Several studies have identified the renin-angiotensinaldosterone system as important in the regulation of adiponectin. These studies lay the fundamental groundwork for developing targeted therapies with potential to reduce the burden of obesity-associated diseases, such as the cardiorenal metabolic syndrome.
regulated, in part, by components of the renin-angiotensin-aldosterone system (RAAS). Studies have helped to delineate the mechanism of aldosterone-induced adiponectin suppression. Given these data, drugs that act on the angiotensin (Ang) type-1 and -2 receptors could be potential therapeutic targets to improve adiponectin levels and promote its beneficial effects.
Biology of Adiponectin
Adiponectin is a 244-amino acid, collagen-like protein produced exclusively by adipose tissue [1] . It is the product of the apM1 gene [2] . Adiponectin belongs to the collectin family and circulates in human plasma at high levels, making up 0.01% of the total plasma protein [1] . The concentration of adiponectin is three times higher than that of most other hormones [2] . It circulates in the blood in three different forms, as a low-molecular-weight trimer, a middle-molecular-weight hexamer, and a high-molecular-weight complex (HMW) [3] . There is widespread expression of adiponectin receptors (AdipoR) [4, 5] . Plasma adiponectin levels tend to be higher in females, in insulin-sensitive persons, in patients with type-1 diabetes mellitus, and in patients treated with peroxisome proliferator-activated receptor (PPAR)-␥ agonists. Conversely, adiponectin levels tend to be lower in males and in patients with obesity, insulin resistance and type-2 diabetes mellitus, high aldosterone levels, CRS, lipodystrophy, and CVD ( fig. 1 ) [6] .
Adiponectin and Obesity-Related Diseases
Adiponectin is produced exclusively by adipocytes; however, levels of adiponectin tend to be lower in subjects with increased fat mass. Levels of adiponectin have been found to be lower in obese individuals and individuals with type-2 diabetes [7, 8] . Hypoadiponectemia has been shown to be a risk factor for developing type-2 diabetes and coronary artery disease (CAD), and it is an independent risk factor for the CRS [9] [10] [11] . A study of 780 diabetic men in the Health Professionals' Follow-Up Study indicated an inverse relationship between adiponectin levels and consumption of food with a high glycemic index [12] . Oxidative stress has also been associated with lower levels of adiponectin, which could explain the mechanism of hypoadiponectinemia in obesity, which has high levels of oxidative stress [13] . A group of 12 subjects that underwent laparoscopic banding or gastric bypass with significant weight loss also had significant increases in plasma total and HMW adiponectin levels 24 months after surgery [14] . This reveals a link between weight loss and increased adiponectin levels. Després and Lemieux [15] compared adiponectin levels in different fat depots. They found plasma adiponectin levels are more closely correlated to visceral rather than total body fat.
Adiponectin is also linked to CVD. A study comparing the levels of adiponectin in diabetic patients with and without CAD revealed lower levels of adiponectin in subjects with CAD [1] . Another group of investigators evaluated the effect of HMW and non-HMW adiponectin on endothelial function in healthy young men without CVD. They found that measurements of flow-mediated dilatation of the forearm (an endothelium-dependent response) were positively correlated with levels of HMW adiponectin. Their data also suggested that HMW adiponectin levels were a more important factor in predicting endothelial function than lipid profiles [16] . An investigative team observed that adiponectin reduced levels of blood free fatty acids. Additionally, they noted an association with improved lipid profiles, better glycemic control, and reduced inflammation in diabetic patients [17] .
Aldosterone and Adiponectin
Given the potential benefits of adiponectin, it is important to understand the mechanisms involved in adiponectin regulation. Several studies point to the RAAS as a potential mediator of adiponectin activity. Prior studies have demonstrated that adipocytes secrete other factors that stimulate aldosterone release from the adrenal cortex. In vitro studies have specifically identified the involvement of the Wnt-signaling pathway and mitogen-activated protein kinases in adipocyte-stimulated aldosterone release [18] [19] [20] [21] . Several studies have demonstrated a clear inverse relationship between the level of plasma aldosterone and the level of plasma adiponectin. A study on Sprague-Dawley rats that were fed high-salt diets resulted in an increase in blood pressure, a decrease in aldosterone, and an increase in plasma adiponectin levels [18] . A similar study in humans investigated the relationship between the RAAS and adiponectin. A high-salt diet given to healthy men suppressed plasma renin activity, plasma Ang II and plasma aldosterone, which correlated with a significant rise in plasma adiponectin [19] . Another study comparing the level of adiponectin in a group of subjects with primary hyperaldosteronism versus low-renin essential hypertension found significantly lower levels of adiponectin in the primary hyperaldosteronism group. Their analysis also showed an inverse relationship between adiponectin levels and the HOMA index (a measure of insulin resistance) [20] . Another investigative team also evaluated the association between primary aldosteronism and adiponectin. Compared to subjects with essential hypertension, they found a significantly higher level of adiponectin in patients with primary aldosteronism [21] . Studies in both rats and humans infused with Ang II resulted in reduced levels of plasma adiponectin [19, 22] . To further investigate the relationship between aldosterone and adiponectin, Li et al. [23] looked for the expression of adiponectin receptors in mouse adrenal glands. They detected both AdipoR1 and AdipoR2 mRNAs in mouse adrenal cells. This group of investigators also treated the mouse adrenocortical cell line Y-1 with adiponectin for 3 h, which significantly decreased the expression of aldosterone and cortisol. Given the identification of adiponectin receptors in the adrenal glands of mice, Guo et al. [24] evaluated adiponectin gene expression from retroperitoneal and heart adipose tissue in obese, diabetic db/db mice. This group compared those findings to lean, non-diabetic mice after treatment with the mineralocorticoid receptor blocker, eplerenone. They found that treatment with eplerenone blocked the reduction in adiponectin that occurred in obese mice. This group also treated undifferentiated pre-adipocytes with aldosterone, which reduced mRNA and protein levels of adiponectin and PPAR-␥ [24] . These studies support a direct effect of aldosterone on adiponectin gene expression. Human studies have also identified AdipoR1 and AdipoR2 mRNA expression in the human adrenal cortex and aldosterone-producing adenomas [25] .
Given the benefits of increased levels of adiponectin, it is important to explore potential therapies that can raise adiponectin levels. Ang type-1 receptor blockers (ARBs) prevent the adverse effects of Ang II on the cardiovascular system. Ran et al. [22] treated Ang-II-infused rats with the Ang type-1 receptor antagonist, olmesartan, which returned the levels of adiponectin to pre-Ang II infusion levels. The insulin sensitivity index of the Ang-II-infused rats was also decreased compared to saline-infused rats, and treatment with olmesartan increased the insulin sensitivity index in the Ang-II-infused rats [22] . Some of the ARBs (telmisartan and irbesartan) have been identified as ligands of PPAR-␥ [26] . Furthermore, PPAR-␥ activation by thiazolidinediones increases the level of adiponectin. A study in humans with primary hypertension investigated the effects of an Ang-converting enzyme (ACE) inhibitor or an ARB on plasma levels of aldosterone as well as adiponectin. Plasma levels of aldosterone remained suppressed in the ARB (telmisartan) group, but not in the ACE inhibitor (perindopril) group at 24 weeks. Plasma adiponectin levels were significantly increased only in the telmisartan-treated group [27] . This study points to an induction in adiponectin expression with sustained aldosterone suppression by an ARB. A further study provided evidence that ARB-induced adiponectin stimulation is obtained through PPAR-␥ activation [26] . In this study, obese Zucker rats were also treated with irbesartan, which prevented cellular adiponectin protein depletion [26] . Conversely, stimulation of the Ang type-2 receptor (AT2R) by Ang II results in beneficial actions, such as vasodilatation and tissue regeneration [28, 29] , and, in fact, stimulation of AT2R induces adiponectin expression [26] . These studies point to a potential therapy with ARBs, via PPAR-␥ activation, or AT2R agonists in raising adiponectin levels [30] .
Conclusion
Obesity-related diseases contribute to the high morbidity and mortality in the USA. The function of adipocytes and adipokines in obesity is important to understand. Adiponectin is a unique adipokine given its high concentration in the plasma and its beneficial effects in obesity-associated conditions. These studies have identified important mechanisms of adiponectin regulation and potential targets for therapy. Further research investigating the use of ARBs and aldosterone antagonists [30] in treating hypoadiponectinemia is needed.
